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SECTION 1

INTRODUCTION

AALL. a recently developed aluminum laminate, has become a

serious contender for tension-dominated, aluminum sheet applica-

tions within the aerospace community. The concept of alternating

plies of thin aluminum alloy sheet in combination with layers of

fiber reinforced resin@(prepregs) was developed at the Delft

Technical UniversitV and is now being commercialized by

ALCOA.LY Higher tensile strength, improved fatigue and fracture

resistance, and lower density, along with good formability and

machinability are just some of the reported advantages ARALL has

over its all aluminum or all composite counterparts today.

However, the majority of reported property improvements have

resulted from standardized coupon testing under laboratory-type

conditions. In order for ARALL to be properly accepted as a

viable sheet replacement, its performance under real life service

conditions must be more thoroughly characterized.

The term ARALL is the exclusive property of ALCOA and cur-

rently designates a group of four laminated sheet products

referred to as ARALL-X, where X is a number between 1 and 4. Each

of these ARALL numbers represents a different aluminum sheet

material and/or a different stretch during processing. In this

effort, the fatigue crack growth rate properties of ARALL-l are

investigated under both simplified laboratory (constant amplitude)

and simulated service (spectrum) loading conditions. The loading

histories employed for the latter were FALSTAFF, representative of

a fighter type aircraft lower wing skin, and Mini-TWIST, an ab-

breviated transport aircraft load history. Growth rate data

obtained are compared to currently used aerospace aluminum sheet

products. Under the FALSTAFF spectrum, the effects of a high

humidity environment on the fatigue crack growth properties are

*ARALL is a registered trademark of the Aluminum Company of
America.
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also examined. Finally, in an attempt to gain further insight

into the fatigue cracking process of this unique material, crack

growth monitoring was performed on both surface plies, as well as

the center ply, using electrical-potential drop techniques.
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SECTION 2

MATERIAL AND SPECIMENS

The test material was manufactured and furnished by the

ALCOA Technical Center and identified as ARALL-l. The composi-

tion of this sheet material consists of three plies of aluminum

alloy 7075-T6 aluminum sheet approximately 0.012 inches thick,

in combination with two alternating layers of unidirectional

Twaron (Enka Co.) aramid fibers impregnated with an AF-163-2

adhesive manufactured by the 3M Company. A schematic illustrat-

ing the ARALL-I layup is furnished in Figure 1. Prior to layup

and cure, the aluminum surfaces were chromic acid anodized and

primed. Final product thickness was approximately 0.053 inches,

with a density equal to 0.083 lb/cu. in. as compared to 0.10 for

aluminum 7075. Following panel layup and cure, ARALL-I is

stretched to a permanent deformation of 0.5% to impart a com-

pressive residual stress in the aluminum sheets.

Middle-crack-tension M(T) specimens were machined to the

configuration shown in Figure 2, for widths of 4 and 6 inches.

The direction of loading of all samples coincided with the fiber

orientation. To accommodate the placement of the electrical-

potential leads on the interior ply, a slight modification to

the starter notch geometry was required, as illustrated in

Figure 3. On one side of the specimen, at the center of the

notch, a small semi-circle of material was removed from the

surface aluminum sheet, just deep enough to expose the central

aluminum ply surface. On this surface, 0.001 inch diameter

aluminum potential lead wires were welded, straddling the notch,

using a Kulicke and Soffa ultrasonic wire bond welder. A

similar procedure of milling a section of a surface ply to

expose the central ply was also performed on the ends of these

samples to accommodate the attachment of the current input wires

to each individual ply.
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SECTION 3

PROCEDURES

All fatigue loading was performed on an MTS servo-

hydraulic fatigue test machine. Constant amplitude fatigue

crack growth rate (fcgr) testing was performed under lab air

conditions with a stress ratio of 0.1, and a test frequency of

20 Hz. Crack length measurements were performed using two

methods. First, a 1OX traveling microscope with digital readout

was used to obtain the crack length of each surface ply. This

approach was used on all tests and considered the standard in

reference to any other surface crack measuring method. Such a

procedure required a brief interruption in the cyclic loading to

obtain accurate crack length measurements. These halts were

typically less than 45 seconds.

The second method, used on approximately half the samples,

employed electrical-potential drop (EPD) procedures to monitor

cracking in each of the three aluminum plies. A thorough

description of the computer-based EPD measurement system is

offered in Reference 3. Briefly, a dc current of 10A is passed
through the sample, with the three aluminum plies treated as

three individual samples, wired in series so that only one

current power supply was required. Electrical isolation greater

than 107 ohms between each aluminum ply (prior to current wire

hookup), as well as between the sample and the test machine

grips was insured before each test. During fatigue cycling EPD

measurements across each crack were performed to obtain a record

of voltage drop versus load cycles. Values of crack length were

then obtained from the voltage measurements by use of the

analytical relationship developed by H.H. Johnson [4 3 for an

infinitely long, center cracked panel, where:

cosh V * cosh (C osc 0 *iiC Fvgi cosh cosh(C*Y 10
chLV cs cos (cos (c*a0
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where: a = pd determined crack length

a = calibration crack length from visual methods

V0 = notch voltage corresponding to a
0 0

W = specimen width

Yo = pd lead spacing from crack plane

C =

V = measured pd voltage.

In the above expression, the final crack length and cor-

responding final notch voltage were used as the calibration

point, a and V . In most cases a post-test linear correction,

based on the initial voltage reading and starter notch, was

required to achieve a good correlation between the visual sur-

face readings and the corresponding EPD-determined crack

lengths. In general, the EPD crack lengths and visually

monitored values varied by less than 0.002 inches.

Constant amplitude fcgr data was derived using the 7-

point, incremental polynomial fitting routine as outlined in

ASTM Test Method E-647. The average crack length of the three

aluminum plies was used to determine growth rate and stress

intensity range. Though linear elastic fracture mechanics

principles cannot properly be applied to ARALL, due to its non-

homogeneous make-up, stress intensity ranges (AK) are

nonetheless determined in the manner consistent with E647 for

comparisons with conventionally produced aluminum under similar

fcgr testing conditions.

Fatigue crack growth rate testing was also performed under

the FALSTAFF [5 and Mini-TWIST[6 3 load spectra. Each of these

load histories represents a mix of tension/compression loading,

with the magnitude of the larger compressive load cycles equal

to approximately 25% of the peak tensile stress for each

spectrum. A portion of each load history is furnished in Figure

4. Crack length measurements were performed in a manner similar

to the constant amplitude tests. Loading frequency was ap-

proximately 5 Hz for each spectrum type. Because of the

compressive loads occurring in each spectrum, a buckling

5



restraint was machined from aluminum channel and secured to each i.

sample. A photo of the restraint is shown attached to a sample A

in Figure 5. Teflon sheet was placed between the sample and

restraint to avoid fretting-induced cracking and to eliminate

any load transfer through the restraint.

Spectrum fatigue crack growth rate testing was performed

in both lab air and a high humidity (>90% R.H.) environment.

For high humidity testing, plexiglass panels were secured to the

restraining device to form a near airtight chamber on each

specimen side. A photograph of this set-up is presented in S

Figure 6. High humidity air was continuously introduced through

each chamber side to insure a relative humidity of greater than

90%.

The secant method was used to reduce the crack length vs.

flights test record into the average crack growth rate per

flight versus the maximum stress intensity during the growth

interval. Since the individual fl~ghts of a given spectrum

varied considerably throughout one pass of the load spectrum in

terms of severity and length and hence crack growth rate, the .4

interval used to establish the growth rate data was one complete

spectrum pass. For FALSTAFF, this represented 200 flights,

while for Mini-TWIST this was 4,000 flights. By using a com-

plete spectrum pass for the crack growth interval, the effects

of load interaction, though observable on a cycle by cycle

level, is negated since the crack growth rate is based on a

consistent, identical loading "block" and thus comparisons

between identically tested samples can be made.

6



SECTION 4

RESULTS AND DISCUSSION

Constant amplitude fatigue crack growth rate testing on
[3]ARALL was conducted in an earlier investigation ] , but results

are presented herein with the spectrum data for a more complete

picture of the crack growth characteristics of ARALL.

An abbreviated test record of the individual ply's crack

length versus cycles for a single, ARALL M(T) sample tested at a

maximum cyclic stress of approximately 19 KSI, R=0.1, is

presented in Figure 7 and reflects the unusual behavior of this

material. Fatigue cracking in each ply started immediately from

the machined starter notch at an accelerated rate, then con-

tinually slowed down with increasing crack length to a near

steady rate (reached approximately after 200 kilocycles).

Cracking in each of the aluminum sheets was uniform throughout

the crack length range examined, with the central ply lagging

the two surface plies by approximately 0.070 inches for the

example shown. For other samples tested, the center ply crack

length was approximately the average of the two surface cracks.

In no instance was the observed differences between the largest WP

and shortest crack length ever greater than 0.1 inches for the

constant amplitude and spectrum tests (later described). There

was no evidence of any sporadic crack growth (i.e., crack

jumping), nor any significant crack growth rate differences

between any of the aluminum plies obtained via the pd

techniques.

The test record of crack length versus cycles shown in

Figure 7 was reduced to obtain the average fatigue crack growth

rate versus stress intensity range, the latter based on the
average, through-thickness crack, as outlined in ASTM E647.

Results are illustrated in Figure 8, along with similar

referenced data for 7075-T6 sheet material. 7 ] As suggested by

the 2a-N plot, and contrary to conventionally produced metallic
materials, growth rates tend to decrease with successive load

cycling, rather than the common increase until fracture. This

7



phenomenon is believed due to a crack tip bridging effect by the

aramid fibers in the wake of the fatigue crack, reducing the

effective stress intensity at the crack tip. As the fatigue

crack grows, a delamination zone is created in the

fiber/adhesive/aluminum interface regions. A photograph of such

delamination regions, produced from a reverse image X-ray of a

M(T) sample in which a radio-opaque fluid was introduced into

the delamination to highlight the zone, is offered in Figure 9,

illustrating the size and shape of these regions. This

delamination zone has the effect of increasing the "free length"

of the low strain-to-failure aramid fibers, enabling them to

withstand fracture to a greater extent as the fatigue crack

opens since the opening displacement is distributed over a

longer fiber length. Researchers [8] have found that for C(T)

specimens machined from ARALL-2, a similarly produced laminate

with 2024 aluminum sheet, the extent of the unbroken fibers or

bridging zone extends between 3 to 5 mm (0.12 to 0.20 inches)

behind the fatigue crack tip. For a crack emanating from a

machined edge, there are no fibers to bridge the crack and,

hence, cracking occurs at a higher rate, until the fatigue crack

extends to a degree where the unbroken fibers become effective K

in restraining crack opening.

It should be re-emphasized that crack growth rate versus
stress intensity relationships, as shown in Figure 8, are based

on conventional stress intensity solutions and are invalid for

ARALL, since a basic premise of LEFM is that the material be

homogeneous and isotropic. A more reasonable approach (beyond

the scope of this investigation) might be to relate the crack '

growth rate to an effective stress intensity parameter, Keff, .

obtained typically from crack tip opening displacement (CTOD) or

crack tip opening angle measurements. Nonetheless, the data are

presented in the manner shown merely to illustrate that for the

specific cyclic loading conditions, the crack growth rate of

ARALL-I decreases with increasing fatigue crack length, to a

rate far below that for monolithic aluminums.

8



The results of lab air spectrum fatigue crack growth rate

testing are shown in Figure 10 for a 4-inch wide M(T) sample

under the FALSTAFF load history, with the maximum spectrum

stress equal to 30 KSI. This stress was selected to yield a

sufficient amount of crack growth data in a reasonable time

period; additionally, reference data on similar sized 7050-T76

M(T) specimens was available. Results clearly demonstrate the

outstanding advantage in crack growth resistance ARALL has over

a current 7000 series sheet product under a complex load

history. For identical stressing conditions, the ARALL sample

withstood over 26,000 flights before failing in the grip region,

whereas the similar sized 7050 sample failed at less than 1,625

flights.

The test records for both a 4- and 6-inch wide M(T) sample

are presented in Figure 11 for the Mini-TWIST load spectrum,

with maximum spectrum stress equal to 40 KSI. Crack growth

behavior of the two samples were similar up to specimen failure,

with final crack size expectedly longer for the wider 6-inch

sample. Following initiation and some rapid crack growth away

from the notch, crack extension preceded in a fairly linear

manner up to failure. The data from the 4-inch wide sample is

plotted again in Figure 12, along with reference data on a

similar sized, 7050-T76 M(T) sample subjected to a maximum

spectrum stress one-third that of the ARALL-I sample: 13 KSI

versus 40 KSI. Despite the large differences in magnitude of

the loading history, the ARALL material withstood four times as

many flights prior to failure, with final crack size longer in

the ARALL sample than for the 7050 sheet sample.

The fatigue crack growth data just presented for the two

load spectra were reduced to the form of the fatigue crack

growth rate (inches/flight) versus the maximum stress intensity.
Results are illustrated in Figure 13 for the FALSTAFF spectrum

and Figure 14 for the Mini-TWIST load history. Also presented

in each figure are the data for the 7050. For both load spectra

the crack growth rate data (represented by the cross-hatched

area in each figure) plot in a cloud well below the 7050 sheet

9



data, further illustrating the superior performance ARALL has

with respect to conventional aluminum. For an identical stress

condition, ARALL under FALSTAFF loading was at least an order of

magnitude lower in fatigue crack growthW;rate than for aluminum

7050. Under the Mini-TWIST spectrum, lower growth rates are

achieved with ARALL-l versus aluminum 7050, the latter tested at

a fourth of the ARALL spectrum stress intensity ranges. Data

developed under Mini-TWIST for the two ARALL specimen widths

plot on top of each other, reflecting the similar slopes of the

a vs. flights records shown in Figure 11, and hence similar

growth rate properties. Growth rates under Mini-TWIST tend to

level off to 2-3 micro-inch per flight with increasing crack

length, while the FALSTAFF data displayed a slight yet continual

rate decrease with increasing crack extension until test

termination.

The effects of high humidity on crack growth are diLplayed

in the crack length verses flights record in Figure 15 for the

FALSTAFF spectrum. Once again the behavior of ARALL contradicts

conventional aluminum behavior: fatigue cracking was slower for

the high humidity environment than for the lab air case. The

fatigue crack growth rate data obtained from this record is

similarly displayed as fatigue crack growth rate verses stress

intensity in Figure 16, along with the previous lab air data.

Growth rates are typically half that of the lab air data,

decreasing slightly with increasing crack length.

Reasons for the greater crack growth resistance under the

high humidity conditions are unclear, but the following explana-

tion is offered. Humidity has long been known to affect matrix

dominate properties [9 ] in composites such as fiber-matrix inter-

face degradation. Assuming moisture is able to be absorbed into

the epoxy prepreg layers and into the Aramid fibers

themselves [I0 ] through the opened fatigue crack and machined

starter notch, such a degradation could lead to a larger

delamination zone in the wake of the extending fatigue crack.

This larger delamination region would result in less fiber

breakage across the extending fatigue crack and hence a larger

10
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degree of crack bridging, further reducing the crack tip driving

force relative to lab air conditions. If this apparent ad-

vantage in fatigue crack growth resistance is a result of an

increased delamination region in the laminate, other properties

which are normally adversely affected by such regions (e.g.

compressive strength) must be carefully re-evaluated under

similar environmental conditions to determine property

tradeoffs. 5
S

I

I
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SECTION 5

CONCLUSIONS

Based on limited testing, the fatigue crack growth charac-

teristics of ARALL-l are vastly superior to conventional

aluminum sheet products. Under constant amplitude and variable

amplitude lab air testing, ARALL displayed at least a ten-fold

improvement in terms of growth rate resistance compared to

aluminum 7050 sheet material.

The addition of a high humidity environment during fatigue

loading under a fighter aircraft type load history led to growth

rates even lower than that developed under lab air conditions.

This increase is believed to be a result of greater crack bridg-

ing by the aramid fibers caused by an increased delamination

region in the prepreg layers.

12
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Figure 14. Spectrum FCGR Data for ARALL-1 Under Mini-TWIST.
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Figure 16. Spectrum FCGR Data for ARALL-1 Under
High Humidity Test Environment.
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